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ABSTRACT
Conical refrigerant distributors are usually used to improve the distribution of two-phase flow to each circuit of the
DX evaporators. A nozzle is commonly added before a cone to homogenize two-phase flow and that way unify
distribution among channels. However, when the nozzle is not properly sized or, in some cases, there is no nozzle, the
distributor performance is much affected by the flow regimes at the distributor inlet. This paper presents the effect of
the flow regime at the distributor inlet on the uniformity of two-phase flow distribution. In this case, the flow regime
is determined by mass flux, quality, and distance from the expansion device. A high-speed camera is used to visualize
the two-phase flow regimes between the expansion valve and distributor. The same technique is also used to
interrogate the flow regime inside the distributor. We relate the distributor performance with flow regimes at the
distributor inlet to understand the two-phase distribution behavior. The experiments using the distributor with the
original design is set as the baseline. After acquiring results for the baseline situation, we implemented two approaches
to change the flow regime at the distributor inlet besides changing the operating conditions. The first is adding an
orifice to remix the two-phase flow, and the second is increasing the distance between the distributor and the expansion
valve to make the two-phase flow fully developed. The average deviations of capacity for each branch are 6-10% for
the baseline case, less than 2% for the distributor with an orifice, and 20% for the distributor with a 600mm inlet tube.

1. INTRODUCTION
Distribution of two-phase fluids in distributors and manifolds is closely related to the evaporator performance and
efficiency of the AC systems. There are a lot of studies focused on this area. Fay and Hrnjak (2011) found that the
maldistribution of two-phase refrigerant can cause a 4% loss in COP and a 5% loss in capacity for a typical conical
distributor. Several studies indicate that the capacity degradation due to maldistribution of two-phase flow in
manifolds varies from 5% to 23% (Brix et al., 2009; Zou et al., 2012). In order to enhance the heat transfer process in
the evaporator and therefore achieve higher system efficiency, it is significant to improve the uniformity of two-phase
distribution. One of the most critical factors affecting flow distribution is the flow regimes at the inlet of the distributor.
Liang et al. (2004) indicated that dispersed flow is preferable than annular flow for better distribution of liquid and
vapor. Wen et al. (2008) found that the distributor connected with an internal-spirally micro-finned tube always
resulted in more uniform distribution compared to the same distributor connected with a smooth tube. This may
attribute to the change in flow regime due to the different tube inner structure. Aziz et al. (2012) demonstrated that
the uniform distribution is only achieved in distributor when the superficial velocity of liquid and vapor are high, and
the corresponding flow regimes observed are dispersed annular or dispersed bubble flow.
The flow regime at the distributor inlet is not only a function of operating conditions (mass flow rate and quality) and
inlet tube size. It is also affected by the distance from the expansion valve. Fei and Hrnjak (2004) and Bowers and
Hrnjak (2009) had studied the development of adiabatic two-phase flow after the expansion device. They categorized
the flow regimes into several regions. The first region of the flow was defined as the well-mixed region, characterized
by homogeneous distributed liquid and vapor. As the flow develops along the tube, liquid and vapor begin to separate
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from one another because of gravity. When the separation process completed, there is a clear interface between the
two phases, and the flow characteristics are not changed anymore.
The objective of this paper is to present the effect of the flow regime at the distributor inlet on the uniformity of twophase flow distribution. Different flow regimes are created by changing the operating conditions, distributor geometry,
and the distance from the expansion valve.

2. EXPERIMENT
2.1 Facility
The experiments for this work are performed in a real 4 kW R134a system, as shown schematically in Figure 1a. The
detailed description of the facility can be found in Yao and Hrnjak (2019). Basically, it is composed of a compressor,
a condenser, a sub-cooler, a thermostatic expansion valve, a distributor, and an evaporator. There are two
configurations for the expansion valve and distributor assembly (Figure 1b). For the first one, the distributor is installed
directly after the expansion valve. And for the second, there is a 600mm-long glass tube between the distributor and
expansion valve to investigate the effect of the distance on two-phase flow distribution. To make the test section more
compact, the evaporator in this system is an electrical-heated, coaxial heat exchanger (Figure 2), instead of the
conventional wind tunnel type. In this way, the test section can be put in different orientations conveniently. The mass
flow rates, heat loads, pressure, and temperature at evaporator exits are measured for each circuit to quantify the
uniformity of two-phase flow distribution. We control the superheat at evaporator exits to be 10K in order to calculate
the refrigerant quality at the evaporator inlets for each circuit. Figure 3 shows two types of distributors used in this
work. One is the basic version with a 3.8mm inlet tube, and the second has the identical geometry with the first one
except that an orifice is added at the distributor inlet.
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Figure 1: Schematic of the experimental facility (a) and two configurations of the TEV-distributor assembly (b)
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Figure 2: Structure of the evaporator (there are four evaporators)
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Baseline

Distributor with orifice

Figure 3: Two distributors used in this study

2.2 Operating Conditions and Data Reduction
Table 1 lists the operating conditions for all the experiments in this work. The distributor performance is evaluated by
the uniformity of mass flow rate, evaporator inlet quality, and capacity among each circuit. The mass flow rate and
cooling capacity are measured directly by mass flow meters and watt transducers. The evaporator inlet qualities are
calculated from the measured parameters for each circuit according to Equations 1-5:
ℎ𝑒𝑟𝑜,𝑖 = 𝑓(𝑇𝑒𝑟𝑜,𝑖 , 𝑃𝑒𝑟𝑜,𝑖 )

(1)

ℎ𝑙,𝑖 = 𝑓(𝑃𝑒𝑟𝑜,𝑖 )

(2)

ℎ𝑔,𝑖 = 𝑓(𝑃𝑒𝑟𝑜,𝑖 )

(3)

ℎ𝑒𝑟𝑖,𝑖 = ℎ𝑒𝑟𝑜,𝑖 − 𝑄𝑖 /𝑚𝑖

(4)

𝑥𝑖 =

(ℎ𝑒𝑟𝑖,𝑖 − ℎ𝑙,𝑖 )
(ℎ𝑔,𝑖 − ℎ𝑙,𝑖 )

(5)

where i represents the circuit number (i=1-4); Tero and Pero are the temperature and pressure at evaporator outlet; h ero
and heri are the specific enthalpies of refrigerant at the evaporator outlet and inlet; h l and hg are the specific enthalpies
of saturated liquid and vapor at the evaporating pressure; Q is heat load providing to each circuit; m is refrigerant mass
flow rate; and x is vapor quality of each circuit at evaporator inlet. The specific enthalpies are obtained from
REFPROP.
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Table 1: Operating conditions
Working fluid

R134a with oil

Mass flow rate [g/s]

15, 20, 25

Distributor inlet quality [-]

0.23

Orientations

Horizontal and Vertical

Distance between distributor and TEV [mm]

30, 630

Distributor type

w/o orifice, w/ orifice

Superheat at evaporator exit [℃]

10

The uncertainties of all instruments used in this study are listed in Table 2. The uncertainty of refrigerant quality is
about 0.0085 according to the error propagation rule.
Table 2: Uncertainties of the instruments
Measurement

Instrument

Uncertainty

Pressure

Sporlan pressure transducer
(PSPT0150SVSP-S)

±3.56kPa

Temperature

T-type thermocouple

±0.1K

Mass flow rate

Coriolis mass flow meter

±0.2% of reading

Heating power

Ohio Semitronics watt transducer
(PC5-002E)

±0.5% FS

3. EXPERIMENTAL RESULTS
Two types of criteria are defined to evaluate the distributor performance at various operating conditions. One is the
normalized parameters, including mass flow rate, distributor inlet quality, and cooling capacity for each circuit
(Equations 6-8). The normalized mass flow rate, for example, means the ratio of the absolute mass flow rate of one
circuit over the averaged mass flow rate. We use liquid instead of vapor quality because the liquid phase refrigerant
is the useful part for cooling capacity. Another criterion is the standard deviation, as defined in Equation 9. It integrates
the normalized parameters of each circuit into one single number and indicates the averaged diversion of each circuit
from the mean. For a completely uniform distribution, the standard deviation should be zero. In this paper, the standard
deviation of capacity is used because capacity is a synthetical effect of mass flow rate and quality.
mi∗ =
(1 − xi )∗ =
Q∗i =

mi
(∑4i=1 mi )/4
1 − xi
− xi ))/4

(∑4i=1(1

Qi
(∑4i=1 Q i )/4

STDQ = √

∑4i=1(Q∗i − 1)2
4

(6)
(7)

(8)

(9)

where mi*, (1-xi)*, Qi* are the normalized mass flow rate, liquid quality, and capacity of circuit i (i=1-4); STDQ is
the standard deviation of cooling capacity.
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3.1 Two-phase Flow Distribution of the Baseline
In this paper, two types of distributors and two configurations of TEV-distributor assembly are studied. The
experiments using the distributor without orifice and connecting the distributor directly after the expansion valve are
defined as the baseline. Figure 4 presents the normalized distribution of mass flow rate, liquid quality, and cooling
capacity for the baseline test at horizontal orientation. Each circuit is represented by a line with different colors and
symbols. In general, all the normalized parameters are within 10% of deviation from the average. For the three tested
operating conditions, circuits 1 and 4 (one at the bottom and one at the top) always have higher flow rates, more liquid,
and higher cooling capacities than the other two circuits. It implies that two-phase distribution is not affected by
gravity. This conclusion is also verified by the visualization results in Figure 5. The liquid and vapor seem to be wellmixed at the distributor inlet for the tested working conditions, and there is visible phase separation inside the
distributor. However, when the mass flow rate is reduced to 3.5g/s, the flow regime at the distributor inlet becomes
stratified annular. Consequently, more liquid stays at the bottom of the distributor. It is because the inertia of the flow
is not strong enough to overcome the effect of gravity in this case.
In addition to the horizontal orientation, the baseline tests are also performed at vertical upwards and downwards
directions. Both the quantitively measured and visualized results show a great similarity between horizontal and
vertical installations. It demonstrates the insensitivity of the distributor to gravity at the baseline condition, as
mentioned before.
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Figure 4: Distribution of normalized mass flow rate - mi*, liquid quality - (1-xi)* and capacity - Qi* at horizontal
orientation, xdri=0.23

~· nominal capacity
m=3 .5 g/s

m= 15 g/s

Extremely low flow rate

m= 20 g/s

m= 25 g/s

Tested working conditions

Figure 5: Flow regimes at distributor inlet and inside the distributor, xdri=0.23

3.2 Distributor with Orifice vs. Baseline
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One of the most commonly used strategies to improve two-phase flow distribution is creating homogeneous flow with
the help of orifice. After the baseline test, we modified the distributor by adding an orifice at the distributor inlet
(Figure 6a). For this design, only one orientation (vertical downwards) and two operating conditions are performed,
and the results are compared with the baseline situation. Figure 6b-c presents the distribution of the normalized mass
flow rate and liquid quality for the two distributors. The dash lines are closer to one compared to the solid lines,
indicating a more uniform distribution for the distributor with orifice. The distribution of cooling capacity, as an
integrated result of mass flow rate and quality, is compared in terms of standard deviation (Figure 6d). For the baseline
conditions, the standard deviation of cooling capacity ranges from 6-10% for all the three orientations. However, this
value is decreased to less than 2% for the distributor with an orifice. Although the baseline distributor is not affected
by gravity, its performance is still improved further by the orifice.
Baseline

Distributor with orifice

(a)
1.10 . . - - - ~ - - - - - ~- -- - -...----,

0.12 . . - - - ~ - - - - ~ - - --

Solid: baseline
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Dash: distributor with orifice

--,---,
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0.10

1.1

1.05

. ~
-- - - 0--- ;.::- -o
.,,_

~ 1.0

0-

0.08

_______.
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~
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l!r -
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25
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Figure 6: Distributor with orifice vs. baseline: (a) geometry, (b) distribution of normalized mass flow rate, (c)
distribution of normalized liquid quality, (d) standard deviation of cooling capacity. xdri=0.23
Figure 7 compares the flow regimes before and inside the two distributors. Under the tested working conditions, it is
not easy to discern the difference between the two cases. But it seems that no visible phase separation is observed at
the distributor inlet or inside the distributors, even at the lowest mass flow rate we have measured. When the mass
flow rate is reduced to a much lower value (5g/s), the flow regime at the distributor inlet is annular for both cases.
However, more vapor is gathered at the center of the distributor when there is no orifice. This is a consequence of the
annular flow at the distributor inlet. In the case of the distributor with an orifice, the annular-shaped two-phase flow
is remixed again by the orifice. Therefore, the flow regime inside the distributor is more homogeneous compared to
the baseline. In summary, the orifice can effectively improve the two-phase flow distribution because of the additional
pressure drop. Due to the pressure drop at the saturation pressure in the orifice, further evaporation creates bubbles
and thus a more homogeneous flow regime.
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m= 15 g/s

m= 15 gls

Extremely low flow rate

Tested working condition

20% of nominal capacity

60% of nominal capacity

Figure 7: Flow regimes for distributor with orifice vs. baseline

3.3 Distributor with a 600mm-Long Inlet Tube vs. Baseline
Besides the operating conditions and distributor geometry, the flow regime at the distributor inlet is also affected by
the distance from the expansion valve. A glass tube with a length of 600mm is installed between the distributor and
expansion valve (Figure 8a) to compare the distributor performance in this configuration with the baseline.
Distributors used in these two cases have identical geometry, but they are installed in a slightly different way.
Compared to the baseline, the other distributor is turned 45 degrees to provide a better view for visualization. The side
views of the distributors are also shown in Figure 8a to demonstrate the relative position of each circuit.
Distributor with 600mm inlet mbe
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Figure 8: Distributor with 600mm inlet tube vs. baseline: (a) configurations, (b) distribution of normalized mass
flow rate, (c) distribution of normalized liquid quality, (d) standard deviation of cooling capacity. xdri=0.2-0.23
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Figure 8b-c compares the distribution of the normalized mass flow rate and liquid quality. In general, the dash lines
are far from the center than the solid lines. That means the two-phase distribution is less uniform when the distance
between the distributor and expansion valve increases. On the other hand, gravity does not influence the distributor
performance for the baseline test, as discussed earlier. However, when the distance from the expansion valve increases,
circuits at the bottom location (1 and 2) get more liquid and higher mass flow rates, indicating the potential effect of
gravity. According to Figure 8d, the standard deviation of cooling capacity is increased from 6-10% to 20% because
of the less uniform distribution of liquid and vapor.
Figure 9 illustrates the visualization results. When the distance from the expansion valve to the distributor increases
to 600mm, the flow regime at the distributor inlet is stratified annular, with a thicker layer of liquid at the bottom of
the tube. For the baseline test, the two-phase flow looks more homogeneous. It explains the more uniform distribution
of mass flow rate and quality when the distributor is installed right after the expansion valve, as shown in Figure 8.
Figure 10 compares flow regimes at two different locations in the 600mm glass tube. In the region immediately after
the expansion valve, there is a thin layer of liquid at the bottom of the tube, while the upper part is not very clear. To
get more detailed information, a microscope lens is used to focus on the region in the red box. Two frames are selected
from the video and presented in Figure 10. It seems that the flow atop of the liquid layer is a mixture of two phases.
The oil in the liquid phase and the multi-interfaces between liquid and vapor make it difficult for the light source to
pass through. In the second region (570-600mm from expansion valve), the liquid and vapor phases are separated
entirely because of the gravity. And the flow regime becomes stratified annular with intermittent waves. When we
take a closer look at the flow regime in the blue box, there is a clear interface between the liquid and vapor. When the
intermittent waves are passing through, there are a large number of bubbles in the view of observation. Figure 10
briefly manifests the change in flow regime as the distance from the expansion valve varies. More effort is needed to
analyze the videos and understand the development of two-phase flow.

Baseline

Distributor with 600mm inlet h1be

Figure 9: Flow regimes for distributor with 600mm inlet tube vs. baseline, m=20g/s, x dri=0.20-0.23
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Figure 10: Changes in flow regime as the distance from expansion valve increases, m=20g/s, x dri=0.20
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4. CONCLUSIONS
The performance of a refrigerant distributor is evaluated in a real R134a system. Flow regimes at the distributor inlet
and inside the distributor are recorded by a high-speed camera to relate the two-phase flow patterns with distributor
performance. When the distributor is connected directly to the expansion valve, there is no apparent phase separation
at the inlet of the distributor, and the measured two-phase distribution is not affected by gravity. The standard deviation
of cooling capacity is between 6-10% for all the tested operating conditions. When an orifice is added at the distributor
inlet, the flow regime at the distributor inlet is more homogeneous because of the remixing of liquid and vapor phases
by the orifice. The standard deviation of cooling capacity is reduced to less than 2%, nearly the ideal distribution. As
the distance from the expansion valve to distributor (without orifice) increases to 630mm, liquid and vapor are
separated at the distributor inlet under the effect of gravity. As a result, the standard deviation of cooling capacity is
20%. In short, the addition of an orifice and a shorter distance between the distributor and expansion valve is
significant to get a more homogeneous flow at distributor inlet, and therefore guarantee more uniform two-phase
distribution among each circuit.

NOMENCLATURE
h
m
P
Q
STD
T
x
Subscripts
dri
eri
ero
i
l
v
Superscripts
*

enthalpy
mass flow rate
pressure
heating power
standard deviation
temperature
quality

kJ/kg
g/s
kPa
W
℃
-

distributor refrigerant inlet
evaporator refrigerant inlet
evaporator refrigerant outlet
circuit number i
liquid
vapor
normalized parameter
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